Dear Editor,
There is currently substantial hope that RNA interference (RNAi)-mediated modulation of protein expression can be used for prevention or treatment of diseases, 1 but only a few studies in whole animals have been reported so far. Here, we show that transgenic expression of a short hairpin (sh) RNA targeting Bim efficiently prevents the development of polycystic kidney disease in Bcl-2-deficient mice and that this effect can be transmitted over several generations. This is the first time that a disease due to a genetic defect has been corrected by using transgenic RNAi.
Mice lacking the antiapoptotic protein Bcl-2 invariably develop fatal polycystic kidney disease associated with growth retardation. 2 Bcl-2-deficient mice are also lymphopenic and their coat turns grey due to degeneration of melanocytes. 2 We have previously demonstrated that ablating the proapoptotic gene Bim from Bcl-2 À/À mice prevents the development of all degenerative disorders present in these mice. 3 Removal of a single allele of Bim was even sufficient to prevent polycystic kidney disease in these mice. This effect is specific to Bim, since ablating Bax or Blk in the Bcl-2 À/À mice had no effect on the polycystic kidney disease phenotype. 4, 5 Since the phenotypic abnormalities of Bcl-2 À/À mice are exquisitely sensitive to the dosage of Bim, we used this mouse model to evaluate the effectiveness of RNAi in vivo and its potential as a therapeutic tool. Small interfering RNAs (siRNAs) and shRNAs promote the degradation of messenger RNA in the process of RNAi. 6, 7 We generated 18 anti-Bim shRNA constructs in the pSuper vector as described. 8 The ability of each construct to reduce Bim protein expression was tested by cotransfection with the reporter pEF-FLAG-BimELDBH3 (the BH3 region was removed to prevent killing of transfected cells, thereby maximising protein production) in Cos cells, and assessing the amount of Bim protein expressed from the reporter after 36 h by anti-FLAG mAb Western blotting. Only one construct, termed pSuper-bim73, reduced the expression of Bim significantly (Figure 1a) . It contained the sequence 5 0 -TGATGTAAGTTCTGAGTGTG-3 0 , which is common to all known Bim mRNA isoforms and is also 100% conserved in human BIM. A control construct, termed pSuper-bim75, was produced by introducing a single mismatch in the siRNA sequence (5 0 -TGATGTAAGGTCTGAGTGTG-3 0 ). It did not interfere with the expression of Bim in the cotransfection experiments in Cos cells (Figure 1a) .
To test the long-term activity of these shRNAs, we added a PGK-Hygro-PolyA cassette to each construct and generated stable transfectants of MCF-7 cells, which normally express relatively high levels of Bim protein. The cells were maintained in culture for several weeks before assessing their levels of Bim expression. pSuper-bim73 appeared to downregulate Bim expression in MCF7 cells as well as in the transient transfection system. In contrast to the results obtained by short-term cotransfection, however, MCF-7 cells expressing shRNA-bim75 also had much reduced levels of Bim protein (Supplementary Figure S1 online). It is likely that the prolonged expression of the mismatched shRNA and levels of RNA expression lower than those obtained upon transfection are responsible for this difference.
For the experiments within the whole animal, a transgene was generated by cloning a pEF-neo-PolyA cassette into pSuper-bim73, with its transcription orientation opposite to that of the H1-Bim-siRNA. This construct was electroporated into the C57BL/6 embryonic stem cell line Bruce4, and transfected cell clones were selected for their resistance to G418. Since Bim protein can be detected in mouse ES cell lysates, we prepared lysates from 80 G418-resistant clones and determined their Bim content by Western blotting (Figure 1b) . About 10% of G418-resistant clones had reduced levels of Bim. We selected three clones showing a significantly reduced Bim expression (6F1, 5A1 and 2D2). These clones were shown to be independent by Southern blotting with a neo probe (Figure 1c) . Clones 6F1 and 2D2 appear to have a single site of integration of the transgene, whereas 5A1 appears to have two different sites and several copies of the transgene in one of these sites. Since downregulation of Bim was similar for all three clones, we chose clones 6F1 and 2D2 to engineer transgenic mice by injection of the ES cells into blastocysts, and breeding of the resulting chimeric mice with selection for germline transmission. Two independent strains of transgenic animals, 434 and 436, were generated from clones 6F1 and 2D2, respectively. In both strains, Bim proteins were still readily detectable (in the organs tested), but at clearly reduced levels relative to those of wild-type mice (Figure 1d , and data not shown). The downregulation of Bim expression was stable over several generations, as Bim mRNA levels were reduced in all tissues examined in transgenic mice of the fourth generation (Figure 1e and data not shown) .
RNAi-transgenic (Tg) animals (strain 434) were crossed twice with Bcl-2 þ /À mice to generate Bcl-2 À/À /Tg mice. In contrast to Bcl-2 À/À mice, Bcl-2 2a and b). None developed polycystic kidneys (Figure 2c) , further confirming the stability of the shRNA expression over four generations. Consistent with the fact that Bim expression was reduced, but not ablated by the shRNA, Bcl-2 À/À /Tg mice still turned grey at the second hair follicle cycle (Figure 2b) . Apoptosis in the spleen was greatly reduced compared to that observed in Bcl-2 À/À mice (Figure 2d ).
Bcl-2
À/À mice display a very small thymus and spleen, and the presence of many apoptotic cell corpses denote intense apoptosis in these organs. Spleens and thymi of Bcl-2 À/À /Tg mice were five to 10 times bigger than those of Bcl-2 À/À mice, and the presence of cell corpses in these tissues was considerably reduced (Figure 2d , and data not shown). The lymphopenia was partially rescued in Bcl-2 À/À /Tg mice, as their leucocyte numbers were similar to those found in Bcl-2 À/À /Bim þ /À mice 3 ( Figure 1f) . In all aspects, Bcl-2 À/À /Tg mice appear almost identical to the Bcl-2 À/À / Bim þ /À mice. Examination of the numbers of transgenic mice (without the bcl-2-null mutation) in our colonies after weaning and genotyping revealed a 60% loss of transgenic mice in both strains 434 and 436. Closer examination showed that an unusually high number of mice died suddenly in the third week of life, just prior to weaning. This result was surprising since neither Bim þ /À nor Bim À/À mice die at such an early age. Despite a thorough histological examination, and having dismissed the most likely candidate reasons for sudden death (haemorrhage, heart failure, pulmonary embolism), we could not find a histological clue to explain the sudden death of all these animals. It is possible that the mice succumbed to cardiac arrhythmia, as this disease causes sudden death without leaving a histological signature.
The use of RNAi as a therapeutic tool has long been predicted and a few studies in mouse have been reported that showed that it may be used to downregulate expression of viral 9 or cellular genes 10,11 in vivo. Our results demonstrate for the first time that the expression of a transgenic shRNA can prevent the development of a disease that is caused by a genetic defect. Moreover, the shRNA expression had to be maintained for four generations before its effects on the development of polycystic kidney disease in Bcl-2 À/À mice could be observed. We may imagine that an anti-Bim shRNA transgene in bone marrow stem cells could confer a survival advantage upon them and hence improve the haematopoietic system repopulation after bone marrow transplantation. Although the use of a transgene may not be practicable in humans, it could readily be envisioned in livestock to produce animals resistant to certain viruses or other pathogens. The death of a significant proportion of the transgenic animals in the present study is a major source of concern with regard to the use of the strategy described here. It is not clear whether this will turn out to be a general problem or is linked to the sequence of the particular shRNA against Bim. Although a BLAST search with that sequence in many of the available databases failed to pick up any perfect match in the rest of the mouse genome or expressed sequence tags, we cannot exclude that the death of these animals may be the consequence of an off-target effect on an unidentified gene. It has been reported that RNAi may be far less specific than initially believed, and that the off-target effect of siRNAs may be triggered by homology stretches of 11 nucleotides or more. 12, 13 Since none of the 17 other constructs against Bim that we generated in pSuper worked in the transient transfection assay, we could not use them to generate other animals to study this effect further. This result, however, should remind us that caution is necessary when analysing the results of RNAi experiments. 
